In an earlier work, it was shown that single-slit diffraction can be considered as position measurement of particles and that the diffraction patterns result from the evolution of the collapsed quantum wave function after such measurement. This quantum mechanical treatment of diffraction of particles, based on the standard postulates of quantum mechanics and the postulate of existence of quantum trajectories, leads to the 'position measurement-induced collapse' (PMIC) states. An experimental set up to test these PMIC states is proposed. The apparatus consists of a modified Lloyd's mirror in optics, with two reflectors instead of one. The diffraction patterns obtained theoretically using the PMIC formalism, which are not obtainable in ordinary wave optics approach, are presented. It is argued that the predictions of the PMIC formalism can be tested with precision under this experiment.
Introduction
With the advancement of technology in dealing with single-particle systems, quantum theory has entered a new phase, namely that of 'quantum measurement' [1, 2] . This has led to an operational approach to quantum mechanics. In classical mechanics of a system of particles, description and measurement of position variables are of prime concern. The case of quantum mechanics is not very different either. Heisenberg's thought experiment, in which the position of a particle is measured with an idealised 'gamma ray microscope', has been central to its understanding. However, quantum theory lacked a proper operational definition of 'position measurement' for a long time. Lamp [3] has made an attempt in this direction, observing that the above thought experiment by Heisenberg can only be considered as a scattering experiment. The operational interpretation of quantum mechanics, based on actual measurement of physical quantities, has now gained renewed attention and is currently one of the most active areas of research.
Among such concerns, a very basic one raised by Marcella [4] calls for special consideration. Noting that even most textbooks directly use classical wave optics (and not any postulates of quantum mechanics) to describe phenomena such as diffraction, interference, etc. of particle beams, he asked whether single-slit diffraction can be treated as quantum measurement of position of a particle. This problem was followed up by some authors [5, 6] in the past decade and it was pointed out that theirs are the only papers that deal with single-slit diffraction as quantum position measurement. Recently, the present authors have obtained a satisfactory, affirmative answer [7] to the above question using the standard axioms of quantum mechanics [8] , together with nonlocal quantum trajectory representations [9, 10, 11, 12, 13] . As in [4] , we have assumed that the wave function of the particle, while the particle passes through the slit at a time t = t M , collapses to a rectangular function. This collapse occurs only to that component of the wave function, which is in a direction perpendicular to both the slit and the direction of propagation of the initial wave. The wave function is assumed unaffected along the other two mutually perpendicular directions. Use is also made of the fact that the position eigenfunction of a particle is in the form of the Dirac δ -function. We first expanded the collapsed rectangular wave function as a superposition of position eigenfunctions. Then, in a novel approach, these δ -functions in the expansion were expressed in terms of the energy eigenfunctions in this case, using the closure property. Lastly, we introduced unitary time-evolution of the state for t ≥ t M and this results in what is called the position measurement-induced collapse (PMIC) state or 'quantum location state'. The formalism was successfully used to obtain a unified quantum description of Fresnel (near-field) and Fraunhofer (far-field) diffractions. This result, where a single expression describes both kind of diffractions, was claimed to be the first its kind.
In the present Letter, we first describe the PMIC location state for a particle whose position is measured when it is in an infinite potential well, and then suggest an experimental set-up where the above formalism can be tested. For this purpose, a modified single-slit diffraction arrangement, which can be considered also as a double Lloyd's mirror apparatus, is proposed. We adopt a purely quantum mechanical approach based on PMIC states, that can be verified with experiment. The theoretical formulation of PMIC states for the case of a particle in an infinite potential well is presented in Sec. 2. The prediction of the probability pattern that may be obtained in such case for various times is made in Sec. 3. In Sec. 4, the experimental arrangement that may produce these patterns is described. The last section comprises a discussion.
PMIC states: Infinite potential well
The position measurement-induced collapse (PMIC) state is defined using the postulate of quantum reduction [8] and also by expressing the position eigenstate in terms of the energy eigenfunctions using the closure relation in the relevant case. According to the postulate of reduction, if a measurement of an observable A on a system in the state |ψ has yielded the result α 0 to within an accuracy ∆α, the state of the system immediately after the measurement is described by
with the projection operator
Here {|v α } is the set of eigenstates of A , that serves as a complete orthonormal basis. Let us consider the collapse of the wave function of a particle in one-dimension with coordinate y, under the measurement A . With v α |ψ ≡ c(α) and y|v α ≡ v α (y), one can write the collapsed wave function |ψ α 0 ,∆α in the position representation as
Now consider the case where A is the position operator for the particle, representing position measurement. Let us denote the eigenvalues and eigenvectors in this case as y ′ and |y ′ , respectively and let the result of the measurement of position be y 0 , with an accuracy ∆y ≡ a. Then the above equation can be rewritten with α = y ′ , α 0 = y 0 and ∆α = a. We also have c(y ′ ) ≡ y ′ |ψ = ψ(y ′ ) and v y ′ (y) ≡ y|y ′ = δ (y − y ′ ). The Dirac delta function in the latter expression is the position eigenstate in the position representation. Eq. (3) now becomes
Let us now assume for simplicity that the wave function before collapse y|ψ ≡ ψ(y) remains constant over the small interval a. Then the collapsed wave function y|ψ y 0 ,a ≡ ψ y 0 ,a (y) in the above equation shall be a rectangular wave function at the instant of collapse, given by
for other values of y.
The rectangular wave function is thus a linear superposition of position eigenstates, as can be seen clearly from Eq. (4). The PMIC states can be defined using the expression for collapsed states, as given in Eq. (4). First assume that the particle is in a potential V , where the eigenstates of energy are |u n and the corresponding position space energy eigenfunctions are u n (y) ≡ y|u n . If the position measurement is an idealised one that lasts for an infinitesimally small time and gives the position as y ′ with infinite precision, the resulting reduced wave function would be a δ -function. In [7] , we have adopted the closure representation of Dirac delta function [14] 
to represent this position eigenstate of the particle while it is detected at the point y ′ at t = t M . This can be used to expand the reduced wave function (4) as an infinite series. For the special case of the initial wave function ψ(y ′ ) = constant in the interval [y 0 − a/2, y 0 + a/2] considered for writing Eq. (5), the collapsed wave function (4) is
where the upper limit N → ∞ must be taken. In fact, one can write this equation using any complete set of orthonormal functions φ n (y) in place of u n (y), which are eigenfunctions of an Hermitian operator in this case. But we choose the base functions to be the eigenfunctions of the Hamiltonian operator to aid the introduction of unitary time-evolution of the system, as shown below.
Let the above wave function be denoted as Ψ
We can now introduce the time-evolution of the wave function of the particle to obtain the PMIC states for t ≥ t M as
where again the upper limit N → ∞ may be taken. Here E n are the energy eigenvalues of the particle when it is in this potential. Now consider that the potential V in which the particle moves is an infinite potential well, with V = 0 for −L/2 ≤ y ≤ L/2 and V = 0 outside this interval. Let a measurement be made on the particle at time t M that gives its position as y 0 , with an accuracy a, inside this interval. We assume that as a result of measurement, the wave function of the particle collapses to a rectangular one, centred at y 0 , with very small width a. After the measurement, the particle experiences only the potential V . Our hypothesis is that the spread of this wave function for t > t M is described by the PMIC wave function (8) . Following the discussion above, one expresses this in terms of the eigenstates of energy of the particle in the potential well. Thus we use
and
in Eq. (8), with n = 1, 2, 3, ... We also chooseh/m = 1 and L = 1. The fundamental period is then T = 4/π. We have plotted |Ψ y 0 ,a y (y,t)| 2 against y using Eq. (8), for various fixed values of t, with t M = 0 and the results are discussed in the next section. The spread in rectangular function for t > 0 shows interesting features.
Prediction of patterns
A detailed study of the patterns obtained by varying the values of t, N, y 0 and a was made. To begin with, we chose L = 1, y 0 = 0.245 and a = 0.01. For comparison, the patterns obtained for N = 100, N = 1000, N = 10000 and N = 50000 are given in Fig. 1 (a)-(d) . An almost exact (by eye) rectangular function is reproduced even with N = 10, 000. However, in all the remaining cases discussed below, we have taken a fixed value N = 50000.
Next, we note that though the rectangular wave function can be obtained for t = 0 [ Fig.  2(a) , same as Fig. 1(d) ], a slight variation in t changes this to a Fresnel-type pattern. Here we show such a pattern obtained at t = 2 × 10 −5 units in Fig. 2 (b) . Further, at a time t = 4 × 10 −5 units, it appears almost similar to that of Fraunhofer diffraction, as shown in Fig. 2 (c) .
However, when t is increased further, other interesting patterns appear. When we vary time in steps of 10 −4 units, the following patterns are obtained, which clearly show that the wave function and hence the probability pattern begin to oscillate. See this in Fig. 3 .
When time is further increased, the patterns become almost uniformly scattered across the full range of allowed values of y. We shall see later that the expectation value of y remains at < y >= 0 for such values of t. The following figures in Fig. (4) 
It is noted that at half the time-period; i.e., at the time t = T /2 = 2/π, the rectangular wave pattern is regained, but with its location shifted to the opposite side with y = −y 0 . Similarly, we see that it reappears at the same location y = y 0 , at the end of the period t = T , as anticipated. We have observed the formation of some rectangular wave functions at other values of t as well. For instance, at regular time intervals of ∆t = 0.1 T , we have observed that rectangular patterns appear. Some of these cases, where t = 0.1 T , t = 0.3 T , t = 0.7 T and t = 0.9 T show patterns as given in Fig. 6 (a) and in some other cases, where t = 0.2 T , t = 0.4 T , t = 0.6 T and t = 0.8 T the patterns are as shown in Fig. 6 (b) .
We have evaluated the expectation value of position over a full period (for the above values of y 0 = 0.245, a = 0.01 and N = 50, 000) and saw that the mean position of the particle quickly reaches the midpoint y = 0 and stays there for most of the time. But at t = T /2, we find the mean position shifted to the opposite side and this repeats periodically. The result obtained is shown in Fig. (7) .
We have varied the value of a in our calculations. It was observed that the patterns are almost of the same form. For instance, the only difference as we increase the value of the functions is used, which was a novel feature. Such a description of Fresnel and Fraunhofer diffraction with a single quantum expression in [7] was made, to our knowledge, for the first time. In this section, we suggest a modified single-slit diffraction experiment to test the PMIC states thus obtained.
The arrangement consists of a source from which a monoenergetic, collimated particle beam propagates parallel to the x-axis, in the positive direction. An impenetrable diaphragm of small thickness, which can at the same time absorb the particles hitting it, is placed at x = 0. On the diaphragm, a slit of finite width ∆y = a with center at y = y 0 and of infinite length along the z-axis is cut. The location of the slit is thus given by x = 0, y 0 − a/2 ≤ y ≤ y 0 + a/2 and −∞ < z < +∞. In between the diaphragm and a screen placed at x = D, again the potential is zero. But let there be two impenetrable and reflecting walls at y = −L/2 and y = +L/2, such that y 0 lies somewhere inside this interval. Thus a diffracted particle that passed through the slit can be considered to be confined to an infinite potential well along the y-direction. Just like the diaphragm, the screen is completely absorbing. Additionally, it serves to detect the particle, as in the case of experiments of diffraction and interference.
As per the geometry of the experimental set up, the particles are free in the region with x < 0 and can be described by a plane wave advancing in the positive x-direction. Here, the only nonzero component of the wave vector k is that along the x-axis, with constant magnitude k x . This initial plane wave collapses when the particle passes the diaphragm at t M . Since for x > 0 the particle that passed through the slit continues to be free along the x and z-directions and is confined to an infinite potential well along the y-axis, the collapse at t M is such that the product wave function of the particle can be written as 
where u n and E n are given by Eqs. (9) and (10), respectively. Here a rectangular wave function results along the y-axis whereas the other two components of the particle remains unaffected. The time-evolution of the collapsed wave function is introduced to obtain the PMIC state for x > 0 and t > t M . Since Ψ z (z,t) always remains a constant, we have omitted this part in the product wave function. The probability distribution corresponding to this wave function is independent of x; it depends only on y and t. The problem of obtaining a stationary diffraction pattern on the screen can be solved if we assume trajectories along the x-direction from the slit to the screen, as was done in [7] . This postulate of existence of particle trajectories is in addition to the standard postulates of quantum mechanics, as in nonlocal hidden variable theories such as de Broglie-Bohm (dBB) [9] , modified de Broglie-Bohm (MdBB) [10] , Floyd-FaraggiMatone (FFM) [11, 12, 13] trajectory formulations. In the present case, the x-component of velocity is the same v x =hk x /m in all the three formalisms. Therefore the time with which a particle from the slit reaches the screen placed at x = D is t = D/v x .
Using this time t in Eq. (11) helps to plot |Ψ x (x,t)Ψ y 0 ,a y (y,t)| 2 against y on the screen placed at a distance D. Actually, these are the same patterns |Ψ y 0 ,a y (y,t)| 2 plotted against y in Fig. (1) - (7) discussed in Sec. 3, with t = Dm/(hk x ). Predictions under this scheme are without any adjustable parameters and hence exact. In an actual experiment, obtaining those special patterns given in Fig. (2) - (5) must be possible with very good accuracy.
More specifically, the theory predicts the rectangular wave pattern to reappear at regular intervals as we vary D. The distance corresponding to the period with which it repeats is
πm . This is the most clearly verifiable (or falsifiable) prediction of the theory.
Discussion
The apparatus in our proposed experiment is a modified Lloyd's mirror in optics, which is originally designed to show interference [15] . The standard Lloyd's mirror arrangement has only a primary point source and its virtual image and has no slits. In this form, the experiment is simpler than Young's double-slit experiment since the Young's experiment has the diffraction pattern due to two slits overlaid by an interference between two sources, whereas the Lloyd's mirror can have only interference of light from two sources, and no diffraction patterns due to slits. But our case discussed in this paper is similar to having two Lloyd's mirrors, where there is a primary slit and an infinite number of virtual slits as sources. However, the repetition of rectangular pattern with variation of D, as predicted by us using the PMIC formalism cannot be anticipated in any wave optics treatment of this experiment.
An important point that deserves serious attention is the value of N used in the series expansion in Eqs. (7), (8) or (11) , for the collapsed PMIC wave function. While plotting the wave function, which is in the form of a converging infinite series, a finite upper limit for n is unavoidable. We have put this upper limit in our calculations to be N = 50000, so that a nearly rectangular function at t = t M is obtained. As discussed above, any function is a superposition of Dirac delta functions and it is well known that a delta function will be exact only when we take N → ∞ in its closure representation. A problem associated with this is that the expectation value of energy in such an eigenstate of position shall tend to infinity and this makes the measurement of position with infinite precision impossible. This is also true for wave functions with sharp discontinuities, such as the perfect rectangular wave function considered by us. But the problem of a particle inside a box is one of elementary quantum mechanics, accepted as a prototype to all bound state problems. A non-zero constant wave function inside the box violates the general admissibility conditions on quantum wave functions. Such a function suffers a discontinuity, for it must be zero on the boundary. Instead, if it is zero throughout the box including the boundary, then it does not represent a particle. (This is why we exclude n = 0 as a quantum number for particle in a box, as in Eqs. (9) and (10) above.) On the other hand, since our rectangular function is a superposition of position eigenfunctions, the admissibility condition can be satisfied but the heavy price to be paid is the infinite energy as mentioned above. However, physical objects such as the slit in this experiment will not have arbitrarily sharp boundaries and hence it is justifiable to fix a large N that corresponds to a moderately round edge. The energy-time uncertainty relation can also be invoked to justify this. In the experiment such as the diffraction through a single slit, the uncertainty in energy can be very large for the time of transit of the particle through the slit can bevery small. (The slit is assumed to be made on a very thin diaphragm.) Moreover, as we have verified in Fig. 1 , the shape of the curve is almost perfectly rectangular for N = 50000 and there is no appreciable change on further increasing it. Since in this paper we are more concerned with the diffraction pattern that depends on the probability distribution on the screen, an upper limit for N does not pose much problem. In particular, we note that our main predictions, such as the reappearance of those rectangular patterns at particular values of distances D as shown in Figs. 5 and 6, will remain unaffected.
In this paper use is made of the trajectory notion in quantum mechanics. The trajectory representations accept the existence of particle trajectories associated with the wave functions. In [7] , we have used this additional postulate to obtain a single expression that gives a unified description of Fresnel and Fraunhofer diffractions. It was noted that all the three trajectory formulations make identical predictions in this case and the success of our PMIC description supports the existence of particle trajectories. If verified, the predictions in this paper will also endorse particle trajectories.
